ABSTRACT

Collection of ground-water quality data began in
INTRODUCTION
Land application of secondary-treated municipal wastewater (effluent) by the City of Tallahassee, Fla., began on a 20.5-acre site southwest of Tallahassee as an experimental project in 1966. In 1987, the city disposed of approximately 15 Mgal/d (million gallons per day) of effluent by spraying on nearly 2,000 acres of forage grain and silage crops at two sites. This study represents a continuing cooperative effort with the City of Tallahassee for the assessment of ground-water quality and hydrologic effects of spray irrigation of effluent.
Although land application of wastewater was used in the United States as a method of waste disposal and crop irrigation since the late 1800's, it did not become a widely accepted method for treatment and disposal by municipalities until nearly 100 years later (Pound and Crites, 1973) . Technology in the 1950's and 1960's favored complex treatment systems with disposal to surface waters. Rapidly escalating costs and decreasing surface-water quality led to Federal regulations in the 1970's which required that land application as a disposal method be considered before Federal grants were approved for wastewater-treatment plant construction (Crites and others, 1977) . Municipalities were also given a 10 percent bonus in grant money from the U.S. Environmental Protection Agency for using an alternative wastewater-treatment technology, such as land application (Wright and Rovey, 1979) . The use of land application by a municipality as a disposal method also provides additional wastewater treatment from the natural filtering system provided by plants and soil, conserves water by recharging the aquifer, fertilizes crops grown for forage and silage, and provides revenue for the city (Sopper and Kardos, 1973; Carlson, 1976; Sheaffer, 1979 ).
Potential problems with this disposal-treatment method could include the transport of excessive levels of nutrients, refractory organics, heavy metals, and bacteria to ground water (Johnson, 1979) . Although some States allow land disposal of primary treated wastewater, the State of Florida requires that wastewater intended for reuse, such as irrigation of fodder crops, receive secondary treatment (Florida Department of Environmental Regulation, 1983) .
Purpose and Scope
The purpose of this report is to define the effects of spray irrigation of treated municipal wastewater on ground water quality beneath the City of Tallahassee's southeast sprayfield. This report presents the results of analyses of data collected from January 1983 through December 1985 and describes trends in water quality from effluent and wells. Some data collected during the first 3 years of effluent irrigation at the southeast sprayfield, reported by Elder and others (1985) , also are included in the report to demonstrate long-term effects of this operation on ground water.
History of Effluent Spray Irrigation in Tallahassee Before experimental spray irrigation began in Tallahassee in 1966, treated effluent from the city wastewater-treatment plants flowed by way of Munson Slough to Lake Munson, southwest of Tallahassee ( fig. 1 ). When experimental irrigation began, about 0.5 Mgal/d of effluent from a trickling-filter plant at the present southwest site was used for irrigation of a 20.5-acre tract adjacent to the plant. All other treated wastewater from other city plants continued to flow into Lake Munson. The city expanded the treatment plant (Thomas P. Smith Wastewater Renovation Plant) at the southwest irrigation site to a 7.5 Mgal/d activated sludge process in 1974 and reached a maximum of 119 irrigated acres at the southwest site in 1977.
In 1980, a larger spray-irrigation site (1,090 acres) was opened southeast of Tallahassee ( fig.  1 ) and part of the original southwest irrigation site was used for further treatment plant expansion. The treatment plant now has a capacity of 17 Mgal/d and discharge to Lake Munson has been eliminated. Combined effluent from the Smith plant and the Lake Bradford Road plant, a 4.5 Mgal/d trickling-filter plant, produced approximately 15 Mgal/d for spray irrigation. Approximately 1 Mgal/d goes to the southwest field for irrigation of about 100 acres of coastal bermuda grass. In March 1982, spray irrigation began on an additional 750 acres at the southeast site. The site, planted seasonally with corn, sorghum, soybeans, and rye, is mostly operated as a no-till farm. The farmer, under contract with the City of Tallahassee, also grazes cattle on part of the site during the winter months.
Site Description The sprayfield site described in this report as the southeast site is located southeast of Tallahassee and approximately 8.5 miles east of the wastewater-treatment plant ( fig. 1 ). The site is illustrated in figure 2.
Throughout this report samples referred to as "treatment plant" were collected at the point where the mixed treated wastewater from both plants is transported to a pumping station. Effluent, piped from the pumping station through a force main, is held in ponds lined with Hypalon at the southeast site. Samples referred to as "pond" were collected from the holding pond at the point where effluent is pumped to the irrigation pivots.
The 1,840-acre field is divided into 11 circular tracts ranging in size from about 100 acres to about 180 acres. Each tract contains a center-pivot spray unit. The western part of the field, labeled "area A" in figure 2 and containing pivots 1 through 7, comprises the 1,090 acres irrigated since November 1980. Irrigation of the 750-acre "area B" began in March 1982. Figure 2 . Southeast sprayfield showing numbered wells and center-pivot irrigation system. Area A western half (pivots 1-7). Area B = eastern half (pivots 8-11). (From Elder and others, 1985.) Monitoring wells throughout the Held, inside and outside pivot areas, are referred to locally by numbers or letters. A unique 15-digit site identification number (table 1) has been assigned to each well and to both effluent sampling points. This site number is based on the latitude-longitude grid system and provides a geographic location for each well. The first six digits denote degrees, minutes, and seconds of latitude; the next seven digits denote degrees, minutes, and seconds of longitude; and the last two digits represent a sequential number for sites within a 1-second grid.
Previous Studies In a statewide study, Franks (1981) documented the widespread use of land application of treated wastewater in Florida. Of the 2,500 sites permitted by Florida Department of Environmental Regulation for land application of domestic wastewater, about 10 percent were reported employing irrigation methods, 22 percent drainfields, and 68 percent infiltration ponds. Franks (1981) noted that most land application sites employing spray-irrigation methods that have adequate monitoring plans have a minimal impact on groundwater quality. Impacts at both Tallahassee spray irrigation sites may be more evident due to extensive monitoring during the experimental operation of the site and continued monitoring efforts.
During the first 8 years of effluent spray irrigation in Tallahassee, irrigation rates at the southwest site were higher than normal for this type of site in order to gather design information. Monitoring of plant growth, for pearl millet nutrient uptake, and effluent application rate variations were part of a cooperative study by the City of Tallahassee and the University of Florida (Overman and Smith, 1973) to determine optimum conditions for effective operation of a spray-irrigation facility for the purpose of wastewater renovation. They concluded that the "efficiency of nitrogen recovery decreases with increasing application rates."
In 1972, the U.S. Geological Survey entered into a cooperative investigation with the City of Tallahassee to determine hydrologic and chemical effects of effluent spray irrigation on ground water at a field southwest of the city. Slack (1975) reported that concentrations of phosphorus, biochemical oxygen demand (BOD), and fecal coliform were removed or reduced before the percolating effluent reached the underlying ground water. He also noted increasing chloride and nitrogen concentrations in the Floridan aquifer system during the 2-year study period . Slack found that ammonia, the most significant form of nitrogen in the effluent, underwent nitrification in soils at the site. Average ammonia nitrogen concentrations (0.02-0.34 mg/L (milligrams per liter)) in ground-water samples from three shallow wells collected over the 2-year period were 60 to 1,000 times lower than the average concentration (20 mg/L) in effluent samples whereas average nitrate nitrogen concentrations (3.8-19 mg/L) in ground-water samples were 10 to 60 times higher than the concentration (0.34 mg/L) in effluent samples. Background concentrations in ground water of ammonia nitrogen and nitrate nitrogen averaged 0.03 and 0.05 mg/L, respectively. Organochlorine pesticides, chlorophenoxy acid herbicides, polychlorinated biphenyls (PCB), and polychlorinated naphthalenes (PCN) were not detected in any of seven wells sampled once or in a single effluent sample. Overman (1979) reported that the sandy soil at the southwest irrigation site was effectively removing BOD, fecal coliform, suspended organic matter, and phosphate. He also studied a variety of crops determining that growth of forage crops in summer and winter under effluent irrigation was feasible at this site. Yurewicz (1983) and Yurewicz and Rosenau (1986) reported hydrologic changes and waterquality effects on ground water at the southwest spray-irrigation site during a study period from March 1972 to June 1981. They noted significantly increased concentrations of chloride and nitrate at the site, with the highest percentage increase over time during periods of experimental high application rates . No other waterquality characteristics were significantly impacted by effluent irrigation during the study period. Ground-water samples were collected from 18 wells in 1978 and analyzed for organochlorine insecticides, chlorophenoxy acid herbicides, and PCB, but as in the previously noted 1974 sampling, these compounds were not detected in any samples. Yurewicz and Rosenau (1986) also noted no significant effects of effluent application on ground-water levels in the Floridan aquifer system, even during periods of high application rates of up to 16 in/wk (inches per week). Elder and others (1985) documented background water-quality and hydrologic conditions and changes that occurred during the first 3 years of operation of the southeast site. The results of this study are discussed in detail later in this report. Pruitt and others (1985) determined, in a 1983-84 reconnaissance of 15 municipal wastewatertreatment plants in Florida employing spray irrigation as a method of disposal, that effluent from most of the plants contained chloroform and some contained other organic compounds. Samples of ground water at these sites revealed volatile organic compounds at only four plants. Samples from the southwest and southeast site in Tallahassee revealed no organic compounds detected in ground water at either site (detection level was 3 |jig/L (micrograms per liter). Two effluent samples from the pond contained detectable quantities of two organophosphorus insecticides (diazinon and malathion), one organochlorine insecticide compound (lindane), one volatile halocarbon (trichloroethene), and a ubiquitous industrial ester [bis(2-ethylhexyl)phthalate]. In the one effluent sample collected at the treatment plant, only the same two organophosphorus insecticides found in the pond were detected. Acknowledgments
The authors gratefully acknowledge the continued assistance and cooperation received from Thomas P. Smith, former Director of Underground Utilities, and William G. Leseman, Superintendent, Water Quality Laboratory, City of Tallahassee. We also thank the laboratory staff and the southeast sprayfield staff for their assistance in sampling and analytical efforts.
METHODS OF INVESTIGATION
Installation of Monitor Wells
Wells were installed in the sprayfield at the southeast site to monitor three principal zones: surficial aquifer (10-40 feet below land surface), upper part of the Upper Floridan aquifer (41-149 feet below land surface), and lower part of the Upper Floridan aquifer (150-250 feet below land surface). Most wells are located in or between the 11 spray-irrigation pivots in the sprayfield; a few wells are just outside the sprayfield boundary ( fig.  2 ). Well SES is the drinking water supply well for the southeast sprayfield. Table 1 lists physical characteristics of these wells.
The wells in the Floridan aquifer system were installed by reverse rotary and cable-tool methods. After setting steel or polyvinyl chloride (PVC) casing, the wells were grouted to land surface. The surficial wells were installed by hand or power augering. Samples of cuttings from wells 2-4,6-7,9,10,12,14-24, 37-49, and 51 were examined for lithology. Gamma ray logs were run on wells 2-4, 6-7, 9,10,12,14-24, 37, 40, 43, 46, 48,49,51 , and SES.
Sampling and Analytical Techniques
Field Procedures The surficial aquifer wells (28-36) were sampled with a bailer. The Floridan aquifer system wells have permanently installed submersible pumps ( fig. 3 ).
The following field measurements were made at each well as the water samples were collected: water level, pumping volume, temperature, pH, and specific conductance. Alkalinity was determined at selected sites.
Samples collected for analysis of dissolved constituents were field filtered, using 0.45 micrometer pore-size membrane filters. Immediately following collection, filtration, and preservation, if required, samples were chilled on ice and transported to the appropriate laboratories on the same day as collection.
Quality assurance of field data was assessed by an ongoing district reference sample program. Field measurement methods and collection techniques comply with established U.S. Geological Survey procedures (Wershaw and others, 1983; Fishman and Friedman, 1985) .
Laboratory Procedures
The City of Tallahassee Water-Quality Laboratory performed most of the analyses using methods which follow U.S. Geological Survey (U.S. Environmental Protection Agency, 1979; Wershaw and others, 1983; Fishman and , 1985) and "Standard Methods" (American Public Health Association, 1985) procedures. U.S. Geological Survey laboratories in Ocala, Fla., and Doraville, Ga., provided the remainder of the analytical work, including quality assurance samples using established Geological Survey procedures. Analysis of 18 duplicate samples performed both by the City of Tallahassee laboratory and U.S. Geological Survey laboratories indicated no statistical difference in results. Laboratory quality assurance efforts included split samples between the laboratories, analysis of standard reference materials, blind reference samples, Held blanks, and method spikes. Table 2 lists water-quality constituents measured, analytical methods used, and method detection limits.
PHYSICAL CHARACTERISTICS OF THE AREA OF INVESTIGATION
Physiography and Topography The sprayfield southeast of Tallahassee is in an area named the "Woodville Karst Plain" by Hendry and Sproul (1966) and consists of a buried limestone surface with sinkholes, overlain by sand, silt, and clay. The limestone is part of the Floridan aquifer system, the principal source of ground water in northern Florida. The sprayfield is located on a topographic high that continues to higher altitudes to the north. Land surface slopes from altitudes of 70 to 20 feet above sea level in the sprayfield toward the Gulf of Mexico to the south and to adjacent areas east and west of the field ( fig. 4 ). To the east of the sprayfield there are small lakes and intermittent tributaries to the St. Marks River. Some ponds and swamps are found to the west. Some ponds also exist in the southern half of the sprayfield, but no streams drain the field. Before development of the sprayfield the area was a forest of planted pine trees. Hydrogeology Surficial Aquifer The surficial aquifer consists of the deposits between land surface and the Floridan aquifer system. The upper few feet have been described by Sanders (1981) . The predominant soils in the sprayfield are Kershaw and Ortega sands, generally consisting of sand with 7 percent or less silt and clay to a depth of 6 feet. The soil zone is unsaturated except in the vicinity of the ponds in the southern part of the sprayfield.
The surficial material above the Floridan aquifer system has been described by Schmidt (1979) and by Hendry and Sproul (1966) as mostly clayey sand and medium-to-fine sand and silt.
Examination of the lithologic samples from the test wells confirm that the sediments comprising the surficial aquifer range from a fine-to-coarse sand to'a clayey, silty, very fine-to-coarse sand with discontinuous lenses of clay which, in general, become thicker and more numerous with increasing depth. The geologic and hydrogeologic units underlying the sprayfield are shown in table 3. Figure 5 shows thickness of the unconsolidated deposits, based on geophysical logs, drillers' logs, and examination of well cuttings. A geologic section, marked A-A' in figure 5 is illustrated in figure 6 , The surficial aquifer does not appear to be a good source of water for domestic wells because its saturated thickness is small in most areas and because of the presence of clay lenses.
Part of the surficial material at the southeast field is saturated, and the water table in the surficial aquifer is above the potentiometric surface of the Upper Floridan aquifer. The water table generally follows the slope of land surface. Data on the position of the water table are not sufficient to permit mapping.
The clay layers within the surficial aquifer do not constitute an effective confining bed because they are not continuous and because they are breached by sinkholes. Most of the ground-water flow from the surficial aquifer into the Floridan probably occurs where the clay layers are thin or missing.
Floridan Aquifer System The geologic units that constitute the Floridan aquifer system (Miller, 1982b) are shown in table 3. The top of the Floridan is generally between 20 feet above and 40 feet below sea level ( fig. 7 ) near the sprayfield (Elder and others, 1985) and slopes to the south at an irregular rate to altitudes of 0 to 50 feet below sea level along the Gulf Coast in Wakulla County (Kwader and Schmidt, 1978) .
Lithologic samples, gamma-ray logs, and drillers' logs from the test wells were used to prepare Table 3 . Hydrogeologic units [From Hendry and Sproul (1966) , Schmidt (1979), and Miller (1982b; 1986) The base of the Floridan aquifer system in this area is described by Miller (1982a; 1986) as the top of undifferentiated units of "silty, highly glauconitic, micaceous, fine-grained sand interbedded with brown, lignitic clay" of early Eocene age, with an altitude of about -1,500 feet. The Floridan in the sprayfield area is about 1,400 to 1,500 feet thick, according to Miller (1982b; 1986) .
The Floridan aquifer system has been subdivided by Miller (1986) into the Upper Floridan aquifer, the middle (intervening) confining unit, and the Lower Floridan aquifer. Only the Upper Floridan aquifer, which constitutes the uppermost part of the Floridan aquifer system, will be discussed in the remainder of this report.
The potentiometric surface of the Upper Floridan aquifer hi the Floridan aquifer system in May 1985 ( fig. 8 ) is shown by Rosenau and Meadows (1987) . The flow of ground water is from the potentiometric surface highs in north Florida and south Georgia toward Apalachee Bay. Additional recharge to the aquifer occurs along the flow path. The sprayfield area is classified as an area of high recharge (10-20 in/yr (inches per year)) by Stewart (1980) . Computer model simulations of the predevelopment flow of the Floridan aquifer system by Bush (1982) estimate the rate of recharge to the Floridan aquifer system to be 15 to 20 in/yr in the sprayfield area.
In the particular area of the southeast sprayfield, the direction of ground-water flow in the Floridan aquifer system is toward the south and southwest (figs. 8 and 9). As in the surrounding area, natural recharge occurs along the flow path, and such recharge is augmented by spray irrigation. The direction of vertical hydraulic gradient in the upper 150 feet of the Floridan, based on water levels in deep and shallow limestone wells at the sampling sites, is upward throughout most of the field. Where the vertical hydraulic gradient is upward within the Floridan, recharge is not entering the deeper part of the Floridan. The upward gradient may be changed to a downward gradient by continued spray irrigation or by heavy rainfall. The downward gradient near the southern edge of the sprayfield is probably a local phenomenon. The gradient is probably upward near the St. Marks and Wakulla Rivers which are major discharge points. Discharge from the Upper Floridan aquifer is to numerous springs (Rosenau and others, 1977) , to the spring-fed St. Marks and Wakulla Rivers to the south, to evapotranspiration near these streams, to the Gulf of Mexico, and to wells. Pumpage constitutes a very small part of the discharge from the aquifer system in this area. The City of Tallahassee used about 20 Mgal/d in 1987 from wells distributed throughout the city. A commercial establishment about 3 miles west of the sprayfield and the supply well at the sprayfield each use less than 0.01 Mgal/d. These withdrawals have little effect on the potentiometric surface in the sprayfield because of the very high transmissivity and high recharge rate of the Floridan aquifer system. Bush (1982) estimates a transmissivity of greater than 1,000,000 ft2/d (feet squared per day), based on a computer model simulation of predevelopment flow in the Floridan aquifer system.
EFFECTS OF SPRAY IRRIGATION AND PRECIPITATION ON WATER LEVELS
The amount of effluent applied by spray irrigation to the southeast field ranged from 24 to 580 Mgal/mo (million gallons per month), or 0.8 inch to 12 in/mo (inches per month), and averaged 6.2 in/mo from the initial application in November 1980 through December 1985. During the first 16 months, all effluent was applied to area A through pivots 1 through 7 ( fig. 2) . In March 1982, effluent application began on area B using pivots 8 through 11. Figure 10 illustrates the monthly variation of irrigation volume in both areas A and B.
Monthly precipitation during 1980-85, measured at the National Weather Service site near the Tallahassee airport ( fig. 1) , is also shown in figure 10 . Precipitation varied from a low of 0.89 inch in December 1980 to a high of 13.04 inches in March 1983. The average for the 5-year period was 4.9 in/mo. This overall range and average is similar to the spray-irrigation volume range but precipitation varies more significantly from month to month. Elder and others (1985, p. 25-29) demonstrated the strong correlation between precipitation and water levels in wells at the southeast sprayfield. Figures 10 and 11 show water levels in wells in.'the Floridan and surficial aquifers at the site, in addition to water levels in a well offsite at the airport, and graphs of precipitation and irrigation rates from 1980 to 1985. A similar correspondence between all hydrographs and precipitation is evident, whereas a correspondence between water levels and irrigation rates is not. Since monthly irrigation volumes fluctuate over a narrower range than precipitation, moisture levels are kept high in the soil allowing variations in precipitation to have even greater effects on water levels. Water levels in wells inside pivots are affected by rainfall and irrigation whereas wells outside or at the edge of pivots are affected primarily by rainfall. Regulation, 1985) , for these properties and chemical constituents in public drinking water. None of the concentrations in pond samples or unaffected ground-water samples exceeds the established MCL.
EFFECTS OF SPRAY IRRIGATION ON GROUND-WATER QUALITY
Quality of Effluent in Relation to Unaffected Ground Water
Well SES was chosen to represent background or "unaffected" ground water from the Floridan aquifer system as it is 200 feet deep, located within the area of investigation but outside the pivot tracts, and upgradient in the ground-water flow system. The 1980 data in table 4 represent quality NOTE: Inside/outside pivots refers to whether a well is within or outside the area where spray irrigation is applied at land surface. Figure 11 . Water-level changes in selected wells in the surficial aquifer compared with monthly precipitation and irrigation volumes.
of ground water before spray irrigation began, and the 1984 data indicate that this well has remained unaffected after 4 years of spray irrigation of effluent at the site. Initial water-quality data collected in 1980 before spray irrigation began for well 36 in the surficial aquifer is very similar to data from well SES. None of the wells in the surficial aquifer at the site was representative of "unaffected" ground water from the surficial aquifer after spraying began. Wells downgradient of the sprayfield exhibit similar water quality to well SES. Physical Properties and Inorganic Constituents Concentrations of inorganic constituents in pond samples are generally higher than background concentrations in the Floridan aquifer system or the surficial aquifer in nutrient and common ion groups, although calcium and magnesium concentrations in the Floridan are approximately the same as in the pond (table 4) . In some cases, trace metal concentrations are higher in ground water than in the pond. Precipitation samples have generally lower or similar concentrations of inorganic constituents than do background ground-water samples.
Measurements in 1980 of pH in surficial aquifer well 36 (7.7-8.2) are slightly greater than pH in unaffected Floridan aquifer system ground water (7.3-8.0). Samples from both aquifers yield pH measurements greater than measurements made in pond samples which range from a pH of 6.8 to 73.
Nitrogen and phosphorus concentrations in the pond are significantly greater than in ground water. Average total nitrogen concentrations range from 0.5 mg/L in well SES in 1984 to 16 mg/L in the pond. More than half of the nitrogen concentration in pond water is comprised of organic nitrogen and ammonia. Nitrate plus nitrite account for the remaining part. Total phosphorus concentrations are considerably greater in pond samples (4.1 mg/L) than in water from surficial or Floridan aquifer wells that are less than 0.1 mg/L.
Chloride, potassium, sodium, and sulfate concentrations are higher in the pond than in Floridan or surficial ground water. Calcium and magnesium concentrations in pond samples are very similar to those in background Floridan aquifer system ground water. Trace metal concentrations in the effluent are below the MCL set for drinking water. Concentrations of chromium, lead, and zinc are lower in the pond than in background Floridan aquifer system and surficial aquifer ground water. Bacteria Coliform bacteria were found in much higher concentrations in pond samples than in control well SES (table 4) . No fecal coliform or total colifonn was reported in samples collected from well SES in 1980 and 1984. The median bacteria counts are based on 103 pond samples and 11 well samples. None of the wells was disinfected after drilling and development. Well 36 in the surficial aquifer was not sampled for bacteria before the beginning of spray irrigation.
Quality of Ground Water
During the first 3 years of ground-water monitoring at the southeast site, Elder and others (1985) observed substantial changes in pH, specific conductance, total inorganic nitrogen (TIN: nitrate, nitrite, and ammonia), chloride, and phosphorus concentrations in ground water from the surficial aquifer and Floridan aquifer system beneath the area A part of the southwest sprayfield. Although not all observed changes were statistically significant, they warranted further monitoring since the data collected during the 3-year study were often insufficient to detect trends. Most observed changes did not occur until approximately 1 year after irrigation began. Since irrigation of area B did not begin until March 1982, Elder and others (1985) did not have a sufficient data base to test ground-water data in that area for trends.
Data collected during the current study period (1983-85) and the previous study period , were analyzed for time trend using the Seasonal Kendall test. Crawford and others (1983) describe this nonparametric trend technique as "suitable for detecting monotonic trends in time series with seasonability, missing values, or values reported as 'less than'." Hirsch and others (1982) point out, however, that when skewed data and/or extreme seasonal effects are present a subjective examination of the data may yield conclusions appreciably different from this statistical tool. As a result, both statistical and examination techniques were used to analyze the data.
Changes began to occur after about 1 year after spray irrigation commenced. These changes were evident in well 36 in the surficial aquifer between 13 to 15 months after spraying began and in shallow well 9 in the Floridan aquifer system between 11 to 14 months after spraying began. Hereinafter, these wells will be referred to as Floridan wells and surficial wells.
Nitrogen and Chloride Organic nitrogen in spray effluent is not directly available for plant uptake nor is it readily leached from soil. Organic nitrogen can be converted to inorganic nitrogen by oxidation or by microbial action in the soil. Ammonia nitrogen as ammonia is readily volatilized if the pH is above 9. Since the pH of the effluent is usually less than 8.5, ammonia nitrogen in the sprayed effluent exists primarily as the ammonium ion which can be bound by clay in the soil or utilized by plants (Broadbent, 1973 : Hem, 1985 . Nitrification may occur when micro-organisms transform the ammonium ion to nitrate. Nitrite is formed as an intermediate product during the biotransformation of ammonia to nitrate or during denitrification of nitrate-rich soils. Nitrite is usually mobile, unstable, and readily converted to nitrate in the presence of oxygen. Nitrate is very soluble, and thus is easily transported from the soil to ground water. Commercial fertilizers, which contain high concentrations of nitrogen, phosphorus, and potassium, are applied by the farmer to the southeast field. No data are available at this time to determine what impact, if any, fertilizer application may have on local ground water. High concentrations of nitrate have been detected in ground water associated with long-term disposal of effluent on farmland suggesting the need for regulation of effluent application to balance nitrate input with crop uptake (Hinesly and others, 1978) . Elder and others (1985) observed statistically significant increases in TIN (total inorganic nitrogen) concentrations in two Floridan wells (9 and 10) and one surficial well (36). Data from two additional wells, Floridan well 22 and surficial well 29, also exhibited significant increasing trends when only nitrate data instead of TIN data were subjected to trend analysis. In ground-water samples collected at this site, the contribution of nitrite and ammonia nitrogen to the TIN concentrations of ground water is usually less than 0.10 mg/L. Because the contribution of the nitrate ion to TIN concentrations in ground-water samples is so much greater than that of the other two ions, only the effects of nitrate will be addressed in the remainder of this report.
The significant upward trend in nitrate concentrations continued from 1983-85 in three of the five wells (9,10, and 22) in area A noted during the previous study, but concentrations in surficial aquifer well 29remained relatively stable and no continued upward trend was observed ( fig. 12) . A statistically significant upward trend continued in surficial well 36 even though the variability in nitrate concentrations (between 1 mg/L and 30 mg/L) was extremely high. Two other Floridan wells (20 and 21) and one other surficial well (33) in area A now show upward trends in nitrate concentrations. The apparent upward trends in wells 33 and 36 and the apparent leveling off of nitrate concentration in well 29 are inconclusive in determining whether the upward trend in nitrate concentrations is continuing or leveling off. Surficial wells 28,30,31,32, and 35 do not have a sufficient data base over both study periods for application of trend analysis techniques because the water table was located below the position of the screened interval during many sampling periods. No increasing trend of nitrate concentrations has occurred in any other sampled wells including the wells outside the sprayfield boundary.
In area B, five Floridan aquifer system wells (40, 41, 43, 44, and 45) have significantly increasing nitrate concentrations. In the well cluster containing wells 43, 44, and 45, which are outside pivot tracts, well 43, the deepest, has the greatest nitrate concentration (5.93 mg/L). Because these wells are located outside a pivot area, the increases in nitrate concentrations are probably a result of the lateral movement of ground water within the Floridan from a pivot upgradient of the well cluster. These three wells are located in an area where a downward water-level gradient is present in the upper 150 feet of the Upper Floridan aquifer (Elder and others, 1985, p. 21) . The downward vertical gradient and flow system heterogenieties probably account for the deepest well having the greatest nitrate concentration. Table 5 lists the wells with statistically significant (significance level = 0.05) upward trends in nitrate concentrations. In figure 12 , scatter plots show increasing nitrate concentrations plotted over time from 1980 through 1985 for three area A wells and two area B wells which exhibit significant upward trends. Nitrate concentrations in all ground-water samples collected during the 1980-82 study period were below the State MCL of 10 mg/L for nitrate (as nitrogen) in public drinking water (Florida Department of Environmental Regulation, 1985) . During the 1983-85 study period^ nitrate concentrations exceeded the MCL in'surficial aquifer well 36 and Floridan aquifer system well 9. Increasing nitrate levels detected in samples from wells maybe the result of a combined contribution from sprayed effluent and commercial fertilizer. Monitoring nitrogen-loading rates, plant nutrient uptake, and fertilizer applications could be an important step in determining the combined impact of effluent irrigation and fertilizer application on ground-water nitrate levels. Regulating effluent application during periods of high rainfall may be necessary to balance the crop uptake of nutrients with the nitrogen input from all sources.
Chloride serves as an excellent conservative tracer of the movement of wastewater at the southeast site inasmuch as it is stable, soluble, readily transported to ground water, and present in high enough concentrations in the pond (45 mg/L) to distinguish it from background levels (4 mg/L) in ground water.
Significant upward trends in chloride concentrations continue to occur in four (9, 10, 22, and 36) of the five area A wells noted in the first study. As with nitrate, chloride concentrations in surficial well 29 did not continue to increase significantly as previously reported by Elder and others (1985) . Surficial well 33 and Floridan wells 12 and 21 in area A now show significantly increasing chloride concentrations over the 6-year monitoring period. In area B, upward trends in chloride concentrations were observed as significant in Floridan wells 40, 41, 42,43, 44, and 45 . Wells 38 and 39 have noticeable upward trends that are not statistically significant. As seen in figure 12 , chloride concentrations in wells 9, 22, 36, 40, and 43 began increasing approximately 1 year after spray irrigation began. Figure 13 shows that for well clusters inside pivot areas, shallow wells have a greater percent increase in chloride concentration over time than deeper wells. No apparent correlation between chloride concentration and depth is evident in well clusters located outside pivot areas. Surficial well 36 has a much higher percent increase than adjacent Upper Floridan well 6. Well 7, a deep Floridan well located within the same cluster as wells 6 and 36, shows no apparent increase (<5 percent) in concentration over the 6-year datacollection period.
The significantly increasing concentrations of nitrate and/or chloride in six Floridan wells (16, 18, 19, 20, 46 , and 47) located outside pivot tracts indicates lateral movement of irrigation water. Several other Floridan wells located outside pivots have increasing chloride and/or nitrate concentrations which are not statistically significant. All wells represented in figure 13 as outside the pivot areas are located downgradient from a pivot in the ground-water flow system. Wells upgradient from and outside the pivot areas (48 and SES) show no increase in chloride or nitrate concentrations.
Vertical movement remains more important than lateral movement of irrigation water in the Floridan in the distribution of nitrate and chloride in the subsurface. Although some Floridan wells outside pivots appear to be affected by lateral movement of irrigation water, many downgradient Floridan wells outside pivots are unaffected and the highest concentrations are always found in wells inside pivots. The trend that should be expected to occur, however, is for more downgradient Floridan wells to be affected by lateral movement and for the concentrations of wells inside pivots to begin to level off at some point. Thus, lateral movement will play an increasingly significant role in the future.
Other Inorganic Constituents and Physical Properties Although Elder and others (1985) noted increases in total phosphorus concentrations in 16 wells in area A from 1980-82, the increases did not prove to be statistically significant, and the limited data available at that time for area B wells did not permit trend analysis. After 3 more years of data collection, no significant trends in phosphorus concentrations were found in ground-water samples at the 0.05 probability level. Two area A Floridan wells, 7 and 14, showed a slight upward Inside/outside pivots refers to whether a well is within or outside the area where spray irrigation water is applied at land surface (see fig. 2 ) trend at the 0.1 probability level. Maximum concentrations are still low in these wells (0.24 and 0.21 mg/L, respectively) compared to the maximum of 6.2 mg/L phosphorus in the pond. Increasing concentrations of phosphorus were noted in four area B Fioridan wells (40,41,43, and 45) but the increases are not statistically significant. The lack of phosphorus transport to ground water from sprayed effluent is consistent with long-term studies which have shown that phosphorus removal is nearly complete (90 percent) in effluent irrigation systems and that leaching accounts for only 3 to 5 percent of the loss (Loehr and others, 1979) . As would be expected, sodium concentrations increased proportionally with chloride increases, exhibiting upward trends in surficial wells 33 and 36 and in Fioridan wells 9, 10, 12, 21, 22, 38 through 43, and 45 . Because sodium analyses were performed less frequently on ground-water samples than chloride analyses, insufficient data exist to test for statistical significance. Maximum sodium concentrations detected in Fioridan wells are still about one-tenth the concentration of the established secondary MCL of 160 mg/L in drinking water (Florida Department of Environmental Regulation, 1985) .
DISSOLVED CHLORIDE CONCENTRATION, IN MILLIGRAMS PER
Increases in concentrations for
The concentrations of most other major ions (calcium, magnesium, potassium, sulfate, and fluoride), which showed no consistent patterns of change from 1980-82, remained fairly stable through 1985. The concentrations of calcium, fluoride, and trace metals (except iron) are not expected to increase significantly because the concentrations of these constituents in pond water is similar to or less than background ground water (table 4) .
Some changes in calcium and magnesium concentrations in water from Fioridan aquifer wells have occurred. The decreasing trend in magnesium concentrations in Fioridan well 10, first noted but not substantiated by Elder and others (1985, p. 34) due to insufficient data, was now found to be significant at the 0.05 probability level. Concentrations decreased from a high of 9.4 mg/L in May 1981 to a low of 6.4 mg/L in August 1985. This trend was not duplicated in adjacent well 9 where magnesium concentrations increased from 0.8 to 2.3 mg/L between 1980 and 1985. Calcium concentrations remained stable in well 10 but increased almost twofold in well 9. Average calcium and magnesium concentrations in the pond are nearly the same as in the background Fioridan well SES and in 1980 data from well 10. Area B Fioridan wells 38, 39, and 43, with similar calcium and magnesium concentrations to well 10, appear to also have decreasing magnesium concentrations, but insufficient data exist to prove a decreasing trend exists. The noticeable decrease in magnesium concentrations in the four Fioridan wells and increase in calcium in one Fioridan well is currently unexplained.
Trace metal concentrations in ground water remained fairly stable, showing no statistically significant patterns of change with time from 1980 through 1985.
A highly significant downward trend in pH was noted in Fioridan well 9 and surficial well 36 during the first study period. pH is generally higher in ground water from the Fioridan aquifer system than in pond water. An upward trend in specific conductance was also noted in well 9 and was related to the increase in major ion concentrations in that well. Evidence of an increasing trend in specific conductance and a decreasing trend in pH continues to be significant at a probability level of 0.01 in well 9. Similar trends in both properties are evident in Fioridan well 22 and the decreasing trend at a lower statistical significance for pH (p-level = 0.10) exists in wells 10 and 36. Elder and others (1985, p. 36-37) suggest that the lowered pH may be a result of the release of carbon dioxide in conjunction with the oxidation of dissolved organic material by microbial action. Nitrification is another possible process that could be responsible for lowering pH (Brian Katz, U.S. Geological Survey, written commun., 1987) . This reaction can be written as follows: NH4 + + 2O2 ^ NOs" + HO + 2H + . Another possible explanation for lowered pH is the release of a hydrogen ion during the exchange of a calcium ion in the soil (J.F. Payne and A.R. Overman, 1987 , Performance and long-term effects of a wastewater spray irrigation system in Tallahassee, Florida, project no. 81829-C: Gainesville, Fla., University of Florida, unpublished thesis). Bacteria Data from the entire period of record indicate that detections of total and fecal coliform are sporadic in Fioridan wells with no consistent patterns indicating trends in bacterial contamination. This is similar to the findings of Elder and others (1985) for the first study period . Fecal coliform colony counts from surficial well samples, although somewhat greater than for Floridan wells, are still low (table 6) . These data indicate that coliform bacteria found in the ground water are generally much less than in the effluent.
Fecal streptococcus appears to be more prevalent in the Floridan and surficial wells than coliform (table 6) . Although seasonal variations and increasing trends of fecal streptococcus colonies with time are not evident, the median and range of colony counts are greater than fecal coliform.
Organic Constituents in Effluent and Ground Water One of the potential effects of land application of effluent is the possible transport of refractory organic compounds to the ground water. Some organic compounds are not effectively removed during secondary treatment. Also, some organic compounds are transformed during the chlorination process to toxic halogenated compounds. The transformation reactions may occur because residual chlorine is desirable in the final effluent for disinfection purposes. Although the City of Tallahassee Water Quality Laboratory had detected volatile halocarbons in the effluent from the wastewater-treatment plant prior to this study, little previous organic data had been collected from wells in the sprayfield to determine if organic compounds were being transported to the ground water by effluent irrigation.
Another possible source of transport of organic compounds to ground water are pesticides applied at the southeast site as part of the fanning operation. The insecticides, toxaphene (organochlorine), methyl parathion (organophosphorus), and Dursban (chlorinated organophosphorus), as well as carbamate and pyrethrin insecticides, and carbamate, triazine, and amide and amine derivative herbicides, have been used in the farming operation at the sprayfield.
Organic Compounds Detected in Effluent Table 7 lists concentration ranges of organic compounds detected in water samples from the treatment plant, the pond, and six monitoring wells. Also listed are MCL for public drinking water established by the Florida State Code (Florida Department of Environmental Regulation, 1985) for seven of the detected organic compounds. Monitoring for organic constituents in ground water began in 1983.
Ten organic compounds were detected in treatment plant and pond samples. Nine of the ten compounds are classified as purgeable halocarbons and the tenth is an organochlorine insecticide. Samples were also analyzed for organophosphorus insecticides, chlorophenoxy acid herbicides, and PCB but no compounds in these groups were detected. See table 2 for a list of compounds in each group.
The most commonly detected purgeable halocarbon, a trihalomethane chloroform, was found in 14 of 18 treatment plant samples and 7 of 7 pond samples. Two other trihalomethanes, bromoform Surficial Floridan Surficial Floridan and dichlorobromomethane, were also detected, but at lower concentrations and less frequently. Trihalomethanes are readily formed during the chlorination process of municipal treatment plant effluent when common refractory compounds are present (Tomson and others, 1981) . An example, shown below, of how this reaction might occur can be demonstrated using ethanol, an alcohol often present in wastewater. Ethanol may oxidize during an aerobic step in treatment to form acetaldchyde, which reacts with chlorine forming chloral (trichloroacetaldehyde). Chloral is unstable in water, forming the solid chloral hydrate which may degrade to chloroform (Bellar and others, 1974) .
Brominated compounds occur similarly because bromine is a common contaminant in commercial chlorine. Chloroform was also the most commonly detected compound in the previously mentioned study by Pruitt and others (1985) and was reported present in effluent samples from 12 of the 15 municipal wastewater-treatment plants sampled. The State maximum contaminant level for total trihalomethanes (TTHM) is 100 jig/L. The maximum reported concentration of TTHM in the treatment plant samples during this study was 6.7 jig/L.
Tetrachloroethene, a purgeable halocarbon present in 11 of 18 treatment plant samples, was the only compound detected at concentrations exceeding the State MCL (3 jxg/L for tetrachloroethene). Four of the eleven detections had tetrachloroethene concentrations of 3.1, 3.3, 7.9, and 8.2 |ig/L. Tetrachloroethene was also detected in two of seven pond samples, but at concentrations less than 3 jxg/L. The primary sources of tetrachloroethene are dry cleaning solvents, metal degreasers, spot removers, and household cleaners.
Other volatile halocarbons detected in treatment plant or pond samples were: trichloroethene (TCE), 1,1,1-trichloroethane, trans-1,2-dichloroethene, 1,1-dichloroethene, and 1,1,2,2-tetrachloroethane. Of this group TCE, a common contaminant of ground water, was detected in 9 of 18 treatment plant samples and in 4 of 7 pond samples. In a U.S. Environmental Protection Agency ground-water supply survey of eight States, TCE was detected in 28 percent of the nearly 3,000 wells sampled (DeMarco, 1983) . The primary source of TCE is the same as for tetrachloroethene. 1,1,1-Trichloroethane, detected in four treatment plant samples and one pond sample, is commonly used in drain cleaners, inks, and shoe polishes. Each detected only in one treatment plant sample, trans-1,2-dichloroethene, a widely used solvent, and 1,1-dichloroethene, used in the production of plastic food wraps, are also degradation products of TCE and tetrachloroethene (Parsons and others, 1984) . 1,1,2,2-Tetrachloroethane, detected only in one pond sample, is used as a solvent for herbicides and insecticides and has many industrial uses.
Lindane, the only chlorinated insecticide detected, was found at very low concentrations in 2 of 18 treatment plant samples and 2 of 7 pond samples. Lindane was also detected in two pond samples collected in 1983 at the southeast site during a statewide study of organic compounds in effluent at municipal wastewater-treatment plants (Pruitt and others, 1985) . The lindane concentrations of 0.02-0.11 jxg/L detected in this study and 0.03-0.05 jxg/L detected in the statewide study were well below the State MCL of 4 jxg/L. Figure 14 depicts the frequency of occurrence of chloroform and TCE in treatment plant, pond, and well samples. The higher frequency of occurrence of chloroform and TCE in the pond samples, as compared to treatment plant samples, maybe due to transformation reactions occurring during impoundment as a result of prolonged contact time of residual chlorine with the effluent.
Organic Compounds Detected in Ground Water Water samples from one surficial aquifer well (36) and five Floridan aquifer system wells (6, 9, 10, 41, and 42) were analyzed for halogenated organic compounds. Table 7 summarizes the analytical results. All detections in the groundwater samples were below established MCLs. As in the treatment plant and pond samples, chloroform was the most commonly occurring contaminant and was detected in all six wells. Frequency of occurrence, depicted in figure 14, was generally similar in wells clustered within the same pivot. The maximum concentration of chloroform detected in ground-water samples was 0.99 (ig/L in well 6. Wells 6, 9, and 42 are the shallowest Floridan wells in each of the three well clusters. No other trihalomethane compounds were detected in the wells; consequently, the TTHM concentrations in water from each well are much less than the State MCL of 100 TCE was the only other organic contaminant detected in water samples from the wells and was found in at least one sample from each well. The maximum concentration of TCE detected in ground-water samples was 0.46 jxg/L in well 6. The State MCL for TCE is 3 jxg/L.
Volatile halocarbon detections occurred much less frequently in ground-water samples than in treatment plant or pond samples ( fig. 14) . Because aeration is known to be an effective method for removal of volatile organic compounds (VOC) from water (Singley and Moser, 1983 ; U.S. Environmental Protection Agency, 1986), such compounds present in the pond may be removed or reduced in concentration during the spray-irrigation process. Water turbulence created by the high pumping rate of the submersible pump may also cause volatilization of VOC during sample collection, yielding low analytical results. Biodegradation and soil sorption processes may contribute to the removal of trace organic compounds from the sprayed effluent (Bouwer and others, 1981) .
Contamination of ground water by volatile organic compounds from effluent irrigation at this site is expected to be minimal as long as concentrations of these compounds in the effluent remain low.
No organochlorine or organophosphorus insecticides or chlorophenoxy acid herbicides were detected in any ground-water samples. Although carbamate and pyrethrin insecticides, and carbamate, triazine, and amide and amine derivation herbicides have also been used at this site, no water samples collected during this study were analyzed for these compounds.
SUMMARY AND CONCLUSIONS
Collection of ground-water quality data began at the southeast sprayfield before the initial application of secondary-treated wastewater in 1980. In the 6 years since spraying began, hydrologic and water-quality data have been collected and evaluated. Water-quality effects of effluent irrigation were evident in wells in the surficial aquifer and Floridan aquifer system in area A about 1 year after spraying began in November 1980. Approximately 1 year after Held expansion to area B in March 1982, effects of spray irrigation became evident in surficial and Floridan aquifer wells in area B. Ground-water quality may also be impacted at the southeast site by the application of fertilizer and pesticides as part of the contract farming operation at the site.
Water levels are affected primarily by precipitation, often showing a lag-time effect of about 1 month. Irrigation rates also affect water levels, but less significantly. Irrigation rates, which averaged 6.2 in/mo from November 1980 through December 1985, are slightly higher than precipitation (1980-85 average = 4.9 in/mo) and tend to be more regular. The more uniform irrigation rates may maintain high moisture levels leaving precipitation available to recharge the aquifer and affect water levels to a greater degree.
Using chloride as a conservative tracer of effluent migration, data indicate the vertical migration of wastewater downward to the water table and from the surficial aquifer to the Floridan aquifer system. The wastewater has moved laterally within the Floridan as evidenced by increasing concentrations of chloride in some wells outside pivot areas. Lateral movement does not appear to be extensive because many Floridan wells downgradient of pivots remain unaffected. Chloride concentrations continue to increase significantly in five Floridan area A wells, six Floridan area B wells, and in two surficial wells.
Nitrate concentrations in one Floridan well and one surficial well, both located inside pivot tracts, have surpassed the maximum contaminant levels established by Florida State code for drinking water. Monitoring nitrogen-loading rates, plant nutrient uptake, and fertilizer applications could be an important step in determining the combined impact of effluent irrigation and fertilizer application on ground-water nitrate levels.
Most of the phosphorus in the effluent is removed by the soil and plants following spray irrigation. Two area A wells indicate upward trends in phosphorus concentrations but maximum concentrations are too low to seriously impact ground-water quality.
Most other inorganic constituents have shown no trends in data over the observed time period. Sodium concentrations increase with chloride concentrations but neither exhibits levels that approach the State MCL for drinking water. A decreasing trend in magnesium concentrations was noted in well 10 but the trend increased in neighboring well 9. Decreasing pH levels have been noted in three area A wells.
Fecal coliform bacteria are present in many ground-water samples, but no consistent trends in the data are evident. Fecal streptococcus is more prevalent in samples from Floridan wells although trends of increasing colony counts over time are not evident at this time.
Organic halocarbon concentrations in the treatment plant and pond samples are normally low. Organic contaminants have not significantly affected ground water at this effluent irrigation site. Nine halogenated volatile organic compounds and one halogenated insecticide were detected in treatment plant samples. Only two of these compounds, chloroform and TCE, were detected in ground water. Although no chlorinated or organophosphorus insecticides or chlorophenoxy acid insecticides were detected in ground-water samples, other types of insecticides and herbicides were applied to the Held. Groundwater quality effects from these compounds or their degradation products are unknown. All concentrations of organic compounds detected in ground water were well below State MCL for drinking water.
Conditions at the southeast site generally have not stabilized although the upward trend in concentrations of nitrate and chloride in shallow aquifer wells may be leveling off. Increases of nitrate over the MCL for drinking water in some wells warrants concern for the extent and magnitude of this trend. The combined effect of organic halocarbons in the sprayed effluent and application of commercial pesticides over an extended period of time could result in transport of toxic organic compounds to ground water. Monitoring programs are essential to determine long-term effects of effluent irrigation on ground water at the site.
